THE EXTREME EUROPEAN SUMMER 2012 BUWEN DONG, ROWAN SUTTON, AND TIM WOOLLINGS
Introduction. The summer of 2012 was marked by strongly contrasting precipitation anomalies across Europe. For example, the United Kingdom experienced its wettest summer (JJA) since 1912, which lead to widespread f looding. Spain, in contrast, suffered drought and wildfires associated with the second lowest summer rainfall in the last 60 years (see "The Record Winter Drought of 2011-12 in the Iberian Peninsula" in this report). These extremes were associated with a clear dipole in precipitation anomalies, indicating a northward concentration of European precipitation (Fig 10.1b) . Here we show that the precipitation anomalies can be understood as consequences of anomalies in the large-scale atmospheric circulation. We also present preliminary investigations into the potential role of anomalous SSTs in forcing the atmospheric circulation.
Large-scale circulation. The JJA 2012 anomalies in European precipitation were related to a large-scale dipole pattern in sea level pressure (SLP) over the North Atlantic (Fig 10.1a) , with low-pressure anomalies stretching from the Atlantic across the British Isles and Scandinavia (tracking the region of high | precipitation) and high pressure over Greenland. This pattern projects strongly onto the negative phase of the summer North Atlantic Oscillation (SNAO; Folland et al. 2009 ).
As in winter, this dominant pattern of variability describes meridional shifts of the storm track and the associated eddy-driven jet. However, the seasonal migration of the storm tracks means that over Europe, the precipitation response is opposite to that in winter, so that a northward shift of European precipitation is associated with a negative SNAO and a southward shift of the Atlantic storm track and jet (Dong et al. 2013, manuscript Investigating the potential role of external forcing. We now briefly report on preliminary numerical model experiments to assess the importance of the SST and sea ice anomalies seen in summer 2012. We use the atmosphere configuration of the UK Met Office Hadley Centre Global Environment Model version 3 (HadGEM3-A), similar to the version used by Hewitt et al. (2011), with a resolution of 1.875° longitude by 1.25° latitude and 85 levels in the vertical. The experiments performed are summarized in Table 10 .1; the last 25 years of each experiment are used for analysis. The CONTROL experiment reproduces the observed SLP and precipitation patterns very realistically for JJA ( Supplementary Fig. S10 .2).
The SLP changes in the GLOBAL simulation show a significant low-pressure response around 30°N over North America, the Atlantic Ocean, and North 10.2a) . Over Northern Europe, a pattern resembling the negative phase of the SNAO is simulated, but the anomaly is much weaker than that observed ( Fig.  10.1a) and is not significant. The pattern of simulated European precipitation anomalies (Fig. 10.2d) is consistent with the negative phase of the SNAO, and is, therefore, very similar to the observations ( Fig.  10.1b) , but the magnitudes are again much weaker. The ATLANTIC experiment shows a much stronger SLP response in the tropical North Atlantic (Fig.  10.2b ). This is part of a baroclinic response (vertical structure not shown) that is not consistent with the observations and suggests that the influence of SST anomalies outside the Atlantic damps the direct response to Atlantic SSTs in this region. Negative precipitation anomalies are again simulated in southern Europe, but the pattern further north is very noisy (Fig. 10.2e ).
In the NORTH ATLANTIC experiment, the model simulates a substantial low-pressure anomaly over the midlatitude North Atlantic, with a weak extension into western Europe (Fig. 10.2c ). This is similar to the response found (using a different model) by Sutton and Hodson (2005) and suggests a significant response to the warm SST anomalies in the northwest Atlantic (Fig. 10.1c ), but one which is sensitive to the influence of lower latitude Atlantic (Fig  10.1a) , the simulated SLP response implies enhanced westerly winds to the southwest of the United Kingdom, but the response is weaker than the observed anomalies and is displaced northwards.
Overall, the model results suggest that the atmospheric circulation over the North Atlantic and European region in summer 2012 (negative phase of the SNAO), which was largely responsible for the observed extreme anomalies in European precipitation, was influenced by global SST and sea ice extent anomalies, and that it is likely that SST anomalies in the North Atlantic played a particularly important role (consistent with Dong et al. 2013, manuscript submitted to Environ. Res. Lett.; Sutton and Hodson 2005) . Differences between the simulated responses and observed anomalies-in terms of both spatial patterns and the much weaker magnitude of the simulated anomalies-require some explanation. The simplest explanation would be internal variability. However, the fact that 2012 is only the latest in a series of negative SNAO European summers makes this possibility unlikely. Furthermore, the level of internal variability in the model simulations is insufficient to account, with significant likelihood, for the magnitude of the observed anomalies (not shown). Other possible factors include an important role for coupled ocean-atmosphere interactions in shaping the response (Sutton and Mathieu 2002; Dong et al. 2013 , manuscript submitted to Environ. Res. Lett.) and the direct impact of changes in radiative forcings from greenhouse gases and aerosols, which were not considered in the experiments discussed here. Model biases may also be a factor. Investigating these possibilities is the subject of ongoing research.
Conclusions. The European summer of 2012 was marked by strongly contrasting rainfall anomalies, which led to flooding in northern Europe and droughts and wildfires in southern Europe. This season was not an isolated event, rather the latest in a string of summers characterized by a southward shifted Atlantic storm track as described by the negative phase of the SNAO. The degree of decadal variability in these features suggests a role for forcing from outside the dynamical atmosphere, and preliminary numerical experiments suggest that the global SST and low Arctic sea ice extent anomalies are likely to have played a role and that warm North Atlantic SSTs were a particular contributing factor. The direct effects of changes in radiative forcing from greenhouse gas and aerosol forcing are not included in these experiments, but both anthropogenic forcing and natural variability may have influenced the SST and sea ice changes. We processed the GPCC datasets so that in each 1° × 1° grid box where there are no stations the data was set as 'missing'. Precipitation was conservatively regridded to the 1.25° × 1.875° grid of the model and converted to percentage of the 1961-90 seasonal average. We then area-averaged the percentage of normal precipitation for the northwest European region-the western half (48°N-75°N, 10°E-15°W) of the northern European region of Giorgi and Francisco (2000) . We find that the GPCC monitoring dataset is biased with respect to the reanalysis dataset, so we correct the monitoring product by the difference between it and the reanalysis product for the 
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